The Terminal Immunoglobulin-Like Repeats of LigA and LigB of Leptospira Enhance Their Binding to Gelatin Binding Domain of Fibronectin and Host Cells by Lin, Yi-Pin et al.
The Terminal Immunoglobulin-Like Repeats of LigA and
LigB of Leptospira Enhance Their Binding to Gelatin
Binding Domain of Fibronectin and Host Cells
Yi-Pin Lin
1, Sean P. McDonough
2, Yogendra Sharma
3, Yung-Fu Chang
1*
1Department of Population Medicine and Diagnostic Sciences, College of Veterinary Medicine, Cornell University, Ithaca, New York, United States of America,
2Department of Biomedical Science, College of Veterinary Medicine, Cornell University, Ithaca, New York, United States of America, 3Center for Cellular and Molecular
Biology, Hyderabad, India
Abstract
Leptospira spp. are pathogenic spirochetes that cause the zoonotic disease leptospirosis. Leptospiral immunoglobulin (Ig)-
like protein B (LigB) contributes to the binding of Leptospira to extracellular matrix proteins such as fibronectin, fibrinogen,
laminin, elastin, tropoelastin and collagen. A high-affinity Fn-binding region of LigB has been localized to LigBCen2, which
contains the partial 11th and full 12th Ig-like repeats (LigBCen2R) and 47 amino acids of the non-repeat region
(LigBCen2NR) of LigB. In this study, the gelatin binding domain of fibronectin was shown to interact with LigBCen2R
(KD=1.9160.40 mM). Not only LigBCen2R but also other Ig-like domains of Lig proteins including LigAVar7’-8, LigAVar10,
LigAVar11, LigAVar12, LigAVar13, LigBCen7’-8, and LigBCen9 bind to GBD. Interestingly, a large gain in affinity was achieved
through an avidity effect, with the terminal domains, 13th (LigA) or 12th (LigB) Ig-like repeat of Lig protein (LigAVar7’-13 and
LigBCen7’-12) enhancing binding affinity approximately 51 and 28 fold, respectively, compared to recombinant proteins
without this terminal repeat. In addition, the inhibited effect on MDCKs cells can also be promoted by Lig proteins with
terminal domains, but these two domains are not required for gelatin binding domain binding and cell adhesion.
Interestingly, Lig proteins with the terminal domains could form compact structures with a round shape mediated by
multidomain interaction. This is the first report about the interaction of gelatin binding domain of Fn and Lig proteins and
provides an example of Lig-gelatin binding domain binding mediating bacterial-host interaction.
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Introduction
Microbial Surface Components Recognizing Adhesive Matrix
Molecules (MSCRAMMs) are a group of proteins located on the
surface of microbes [1]. They are able to contribute to microbial
adhesion by binding to extracellular matrixes (ECMs) of host cells
and initiate infection [1]. Fibronectin (Fn), a 220 kDa ECM that
forms a dimer by disulfide linkage, is composed of three different
modules and several different domains including an N-terminal
domain (NTD), a gelatin-binding domain (GBD), a cell binding
domain (CBD), a heparin binding domain II, and a fibrin-binding
domain II [2,3]. Fn plays a pivotal role in bacterial-host
interaction by interacting with MSCRAMMs [4]. These
MSCRAMMs may bind to NTD, GBD [5–7] or heparin-binding
domain II [8,9].
In the past, several potential ECM binding proteins of Leptospira
spp. have been identified; these include Lig proteins [10–16],
LipL32 [17–20], Leptospira endostatin-like proteins (Len) [21,22],
Lsa21 [23] and TLYC [24]. Lig proteins, including LigA, LigB
and LigC, contain 13, 12, and 13 Ig-like domains, respectively
[25–27]. The N-terminal 630 amino acid residues of LigA and
LigB are highly conserve, but the C-termini are variable [25–27].
Unlike LigA, LigB and LigC possess a non-immunoglobulin (Ig)-
like region in their C-termini [26,27]. Lig proteins also serve as
vaccine candidates and diagnostic antigens [26,28–32]. Lig
proteins are members of MSCRAMMs due to their ability to
bind fibronectin (Fn), laminin, collagen, fibrinogen, elastin, and
tropoelastin of host cells [10–16]. Moreover, LigBCen2, which
contains LigBCen2R, the partial 11
th and full 12
th Ig-like domains,
and LigBCen2NR, the C-terminal 47 non-Ig-like region, binds to
NTD and GBD of Fn with high affinity that is enhanced by
calcium-binding [11,16]. In a recent report, LigBCen2NR is
found to be a disordered protein and is able to fold upon NTD
binding [13].
In this study, LigBCen2R was found to interact with GBD, and
isothermal titration calorimetry (ITC) and surface plasmon
resonance (SPR) were used to monitor the binding of GBD to
Fn by proteins containing different numbers of 90 amino acid Ig-
like repeats of the variable region of LigA or LigB. A large gain in
affinity was achieved through an avidity effect, with the terminal
domains, 13
th or 12
th Ig-like repeat of LigA or LigB (LigAVar7’-13
and LigBCen7’-12) enhancing binding affinity approximately 51-
and 28-fold, respectively compared to recombinant proteins
without this terminal repeat. The enhanced avidity might be due
PLoS ONE | www.plosone.org 1 June 2010 | Volume 5 | Issue 6 | e11301to the compact structures formed in LigAVar7’-13 and LigB-
Cen7’-12 mediated by interdomain interaction.
Results
GBD binds to LigBCen2R
In order to fine map the GBD binding site of LigBCen2,
LigBCen2 was truncated into LigBCen2R and LigBCen2NR [13].
LigBCen2R and LigBCen2NR were then tested to determine if
they bind to GBD. LigCon, a conserved region of both LigA and
B, was included as a negative control since it does not bind to Fn
[11,12]. GBD could immobilize LigBCen2R, but not LigB-
Cen2NR (Figure 1A). Moreover, ITC and SPR were also applied
to measure the binding of LigBCen2R to GBD. The KD obtained
from both experiments (ITC, KD=1.8860.09 mM; SPR,
KD=1.9160.40 mM) agreed with the binding affinity of LigB-
Cen2R-GBD obtained by ELISA (KD=1.8960.22 mM) (Figure 1B
and C, Table 1).
Significant quenching (approximately16% decrease) was found
in the Alexa-488 fluorescence spectra of Alexa-488 labeled
LigBCen2RW1073C, a LigBCen2 mutant lacking its sole
tryptophan, when GBD was added with dose dependence
confirming that GBD binding induces conformational changes
in LigBCen2R (Figure 1D). The undistinguished far-UV CD
spectra of LigBCen2R and LigBCen2RW1073C (Figure S1) and
the close KD of the interaction of GBD-LigBCen2R and GBD-
LigBCen2RW1073C determined by fluorescence spectroscopy
(KD=1.9360.4 mM) rule out the possibility that the mutation
alters the structure of LigBCen2R or the binding of LigBCen2R
and GBD.
Determination that Ig-like domains interact with GBD
Since LigBCen2R containing the partial 11
th and full 12
th Ig-like
domain of LigB shows GBD binding activity, we used ELISA to
investigate whether the variable regions of LigA and LigB interact
with GBD. As presented in Figure 2A and B, LigAVar7’-8,
Figure 1. Determination of binding constant, kinetics and thermodynamic parameters of the LigBCen2R/GBD interaction by ELISA,
SPR, and ITC. (A) Binding of serial concentrations of LigBCen2NR to immobilized GBD by ELISA. Serial concentrations of GST-LigBCen2R, GST-
LigBCen2NR, GST-LigBCen2 (positive control), or GST-LigCon (negative control) were added to 1 mM of GBD or BSA coated wells (negative control,
data not shown). (B) SPR analysis of LigBCen2R interacting with GBD. 1.5 mM of Recombinant Histidine-tagged LigBCen2R was immobilized on the
surface of a Ni-NTA chip. GBD in Tris Buffer containing 100 mM CaCl2 at pH 7.5 flowed through the chip and the concentrations of GBD ranged from
40 to 0.625 mM (from top to bottom). The KD, kon, and koff were obtained from the average of duplicate experiments shown in Table 1. (C)
Determination of the binding affinity by ITC. The cell contained 1 ml of GBD and the syringe contained 250 ml of LigBCen2R (upper panel). Heat
differences obtained from 25 injections of LigBCen2R; (lower panel). Integrated curve with experimental data (e) and the best fit (-). The
thermodynamic parameters are shown as the average of duplicate experiments (KD=1.8860.09 mM, DH=229.2563.58 kcal mol-1,
TDS=221.4763.61 kcal mol-1 K-1, n=0.99560.01). (D) Fluorescence spectrum of Alexa-488 labeled LigBCen2RW1073C in the presence and
absence of GBD. One mM of Alexa-488 labeled LigBCen2RW1073C in Tris buffer was excited at 485 nm. Aliquots of GBD from respective stock
solutions were added. The figure shows Alexa488 fluorescence in the presence of 0, 1.62, 3.12, 6.25, 12.5, 25 mM of GBD (Inner plot). The
determination of KD of Alexa488 labeled LigBCen2RW1073C and GBD by monitoring the quenching fluorescence intensity of Alexa488 labeled
LigBCen2RW1073C titrated by GBD. The emission wavelength recorded in this figure was 513 nm, and KD was revealed by fitting the data point into
the equation described in materials and methods (KD=1.93.4 mM).
doi:10.1371/journal.pone.0011301.g001
LigBCen2R Binding to GBD
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LigBCen7’-8 and LigBCen9 of LigB are able to bind GBD
(LigAVar7’-8, KD=6.7560.10 mM; LigAVar10, KD=3.9460.32
mM; LigAVar11, KD=4.7060.24 mM; LigAVar12, KD=2.446
0.87 mM, LigAVar13, KD=10.9660.41 mM; LigBCen7’-8,
KD=2.2760.15 mM; LigBCen9, KD=8.3760.72 mM) (Table 1).
Furthermore, a similar KD obtained from SPR also confirms the
binding of certain variable regions of LigA and LigB with
GBD (LigAVar7’-8, KD=6.6860.80 mM; LigAVar10, KD=4.256
0.72 mM;LigAVar11,KD=5.0460.32 mM; LigAVar12, KD=2.876
0.30 mM, LigAVar13, KD=10.3962.53 mM; LigBCen7’-8,
KD=2.6960.70 mM; LigBCen9, KD=8.4460.81 mM) (Figure 2C
and D, Table 1). These results suggest that the GBD also binds to
certain variable regions of LigA and LigB.
Terminal Ig-like domains enhances the both GBD binding
and cell adhesion of Lig proteins
In order to investigate the effect of the number of Ig-like domains
of Lig proteins on GBD binding, the truncated proteins of each
constructofthevariableregionsofLigAandLigBwerepurified.The
binding affinities of those truncated proteins and GBD were
measured by ELISA. As shown on Figure 3A and B, a slight
increase in affinity toward GBD was observed as the number of Ig-
like domains increased. (LigAVar7’-8, KD=6.7560.10mM; LigA-
Var7’-9, KD=6.5860.40 mM; LigAVar7’-10, KD=4.7260.46 mM;
LigAVar7’-11, KD=3.2460.35 mM; LigAVar7’-12, KD=2.446
0.39 mM; LigBCen7’-8, KD=2.2760.15 mM; LigBCen7’-9,
KD=1.3960.20 mM; LigBCen7’-10, KD=1.4660.16 mM; LigB-
Cen7’-11, KD=1.4760.08 mM) (Table 2).
The enhanced affinities and the stoichiometry of bindings due
to the increased number of Ig-like domains of Lig proteins can also
be confirmed by ITC and SECMALLS (LigAVar7’-8,
KD=6.7560.11 mM; LigAVar7’-9, KD=6.1160.12 mM; LigA-
Var7’-10, KD=4.3560.43 mM; LigAVar7’-11, KD=3.1360.48 mM;
LigAVar7’-12, KD=2.4160.29 mM; LigBCen7’-8, KD=2.286
0.09 mM; LigBCen7’-9, KD=1.3160.19 mM; LigBCen7’-10,
KD=1.3560.19 mM; LigBCen7’-11, KD=1.3960.08 mM) (Table 3
and 4 and Figure S2). Interestingly, the last Ig-like domain of both
LigA and LigB contributed more than the other Ig-like domains
because the GBD binding affinity of LigAVar7’-13 and LigBCen7’-
12 increased 51 fold and 28 fold, respectively compared to that of
LigAVar7’-12 and LigBCen7’-11, the truncated proteins lacking the
last Ig-like domain (LigAVar7’-13, KD=0.04760.03 mMf r o mI T C ,
KD=0.04860.007 mM from ELISA; LigBCen7’-12, KD=0.0496
0.005 mMf r o mI T C ,KD=0.04960.007 mMf r o mE L I S A ) ( T a b l e2
and 3). This suggests the pivotal role of 13
th Ig-like domain of LigA
and 12
th I g - l i k ed o m a i no fL i g Bf o rt h eb i n d i n go fL i gp r o t e i n st o
GBD. In order to show the physiological relevance of the importance
for the terminal Ig-like domains contributing to GBD binding, the
interaction of truncated Lig proteins and MDCK cells was detected
by ELISA. As shown in Figure 4A and B, the more Ig-like domains
included in the Lig constructs, the greater the binding of Lig proteins
to MDCK cells. Furthermore, the terminal domains of Lig proteins
were also proved to be pivotal since the binding was strongly
promoted when the Lig constructs contained the terminal Ig-like
domains (Figure 4A and B). Similarly, the inhibition of leptospiral
adhesion to MDCK cells was also mediated by multivalent binding
between Ig-like domains and cells due to the more significant
inhibition when the cells were pre-mixed with the truncated Lig
proteins including more Ig-like domains (Figure 4C and D). The
ability of Lig proteins to inhibit binding was also significantly
increased when the constructs included the last Ig-like domains
(Figure 4C and D).
The terminal Ig-like domains contribute to compact
structures of Lig proteins
LigAVar13 and LigBCen12, the terminal Ig-like domains of Lig
proteins, play a very important role in GBD binding, but the GBD
binding affinity of LigAVar13 or LigBCen12 (LigAVar13,
KD=10.3962.53 mM; LigBCen2R (containing LigBCen12),
KD=1.9160.40 mM) alone was not significantly different from
that of other Ig-like domains (Table 1). Therefore, the global
structure of Lig proteins with the terminal domains plays an
important role in the binding affinity of Lig protein and GBD. As
presented in Table 5, the hydrodynamic radii (Rh) of truncated Lig
proteins and other standard globular proteins were determined by
dynamic light scattering or analytical ultracentrifugation, and
these values obtained from both methods were in agreement with
each others.
In addition, the logarithm of Rh was plotted against the
molecular mass of each standard using equation 3 in Materials and
Methods, and a calibration curve of each globular protein or each
truncated Lig protein was constructed (Figure 5A). According to
the results described in Figure 5A, the Rh values for LigAVar7’-13
and LigBCen7’-12 are comparably closer to that of the calibration
curve of the globular protein standard suggesting both LigAVar7’-
13 and LigBCen7-12 are globular proteins that possess compact
structures. However, the Rh of truncated Lig proteins without
terminal Ig-like domains aligned in calibration curves distinct from
the curve established by the Rh of the globular protein standards
indicating that the Lig proteins without the terminal Ig-like
domains are not globular proteins (Figure 5A and Table 5). but
still possess a folded structure, especially with a rich b-strand due
to the positive peak in 1241 nm and 1244 nm (amide III band) of
the Raman spectra of LigAVar7’-12 and LigBCen7’-11, respec-
tively (Figure 5B and C). Furthermore, the greater frictional ratio
of the Rh (f
0
20,w/f
0.1.2) of most truncated Lig proteins without
Table 1. The dissociation constants and kinetic data of GBD-
Lig interactions determined by ELISA and SPR.
Analyte kon koff KD
a KD
b
Masood A. Khan M
21S
21610
3 S
21610
23 M
21610
26 M
21610
26
LigAVar7’-8 0.7560.05 5.0160.82 6.6860.80 6.7560.10
LigAVar9 n.d.
c n.d.
c n.d.
c n.b.
d
LigAVar10 1.1960.43 5.0660.25 4.2560.72 3.9460.32
LigAVar11 1.1960.49 5.9960.13 5.0460.32 4.7060.24
LigAVar12 2.3660.38 6.7860.84 2.8760.30 2.4460.87
LigAVar13 0.5160.09 5.3060.43 10.3962.53 10.9660.41
LigBCen7’-8 3.5760.25 9.6360.18 2.6960.70 2.2760.15
LigBCen9 0.5660.03 4.7360.24 8.4460.81 8.3760.72
LigBCen10 n.d.
c n.d.
c n.d.
c n.b.
d
LigBCen11 n.d.
c n.d.
c n.d.
c n.b.
d
LigBCen2R 4.8360.54 9.2360.24 1.9160.40 1.8960.22
adetermined by SPR.
bdetermined by ELISA.
cnot determined.
dno binding.
The association and dissociation data of the interaction were fitted locally using
one step biomolecular reaction model (1:1 Langmuir model : A+BOAB), which
resulted optimum mathematical fits reflected by the lowest Chi values. The
values for association rate constant (kon), dissociation rate constant (koff), and
dissociation constant (KD) were calculated from the binding data by
BIAevaluation software.
doi:10.1371/journal.pone.0011301.t001
LigBCen2R Binding to GBD
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spherical, but the f
0
20,w/f
0 of LigA7’-13 and LigB7’-12 close to 1.2
indicates the terminal Ig-like domains contribute to the compact
structure of Lig proteins (Table 5) [33,34].
In order to examine if interdomain interactions contribute to
the compact structure of truncated Lig proteins with terminal
domains, LigAVar7’-13, LigAVar7’-12, LigBCen7’-12, LigB-
Cen7’-11, and stoichiometric mixture of Ig-like domains were
applied to Raman spectrophotometer in H2Oo rD 2O. The
deuterium-exchange reaction showed a more significant isotopic
effect on the amide III band than the amide I band. To elucidate
the secondary structure of the proteins [35], the amide III band in
the spectra of truncated Lig proteins were specifically identified in
this study. As shown in Figure 5B, C, D, and E, the positive peaks
at 1241 cm
21, 1249 cm
21, 1244 cm
21, 1240 cm
21 (amide III)
observed in the spectra of full-length or stoichiometrically mixed
LigAVar7’-12, LigAVar7’-13, LigBCen7’-11, and LigBCen7’-12
in H2O indicated that certain Lig truncations harbor a b-strand
structure, which confirms the earlier findings for Ig-like domains of
LigB [13,15,16,35]. The positive peaks at 938 cm
21, 939 cm
21,
940 cm
21, 941 cm
21, and 986 cm
21 (amide III) in the spectra of
Lig proteins measured in D2O support the conclusion that
truncated Lig proteins contain a b-strand rich structure
(Figure 5B, C, D, and E) [35]. Interestingly, the hydrogen-
deuterium exchange (NHRND) in full-length LigAVar7’-13 or
LigBCen7’-12 was not as significant as that of stoichiometric
mixture of Ig-like domains due to lower intensities of the b-strand
marker, 1249 cm
21 and 1240 cm
21 in the spectrum of full-length
LigAVar7’-13 or LigBCen7’-12 than stoichiometrically mixed
ones (Figure 5C and E), but similar results could not be obtained
withLigAVar7’-12 or LigBCen7’-11 (1241 cm
21 in LigAVar7’-12
1241 cm
21 in LigBCen7’-11) (Figure 5B and D). These results
indicate that H/D exchange is more protected in full-length
LigAVar7’-13 and LigBCen7’-12 compared to stoichiometrically
mixed or separated Ig-like domains. However, the protection is the
same between full-length LigAVar7’-12 and LigBCen7’-11 and
their stoichiometric mixtures of Ig-like domains. Overall, it is
proposed that more interdomain interactions exist in the truncated
Lig proteins with terminal Ig-like domains, and the interdomain
interactions might contribute to the compact structures of Lig
proteins.
Discussion
Leptospira Ig-like (Lig) proteins are MSCRAMMs that assist
pathogen attachment by binding to Fn, collagen, laminin,
fibrinogen, elastin, and tropoelastin [11–16]. LigBCen2R, con-
taining the partial 11
th and full 12
th Ig-like domains of LigB, was
demonstrated to interact with GBD of Fn. Since LigBCen2R has
no sequence similarity to any other GBD binding proteins, it
Figure 2. Localization of the GBD-binding domains on Lig proteins. (A and B) Various concentrations (0, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20 mM)
of biotinylated LigCon (negative control), and (A) LigAVar7’-13 (positive control), LigAVar7’-8, LigAVar9, LigAVar10, LigAVar11, LigAVar12, LigAVar13,
(B) LigBCen7’-12 (positive control), LigBCen7’-8, LigBCen9, LigBCen10, LigBCen11 were added to wells coated with 1 mM of GBD or BSA (negative
control and data not shown) in Tris buffer. The binding of biotinylated proteins to GBD was measured by ELISA. For all experiments, each value
represents the mean6SEM of three trials in triplicate samples. Statistically significant (p,0.05) differences compared to the negative control are
indicated by an asterisk. (C and D) SPR analysis of Ig-like domains of Lig interacting with GBD 1.5 mM of Recombinant Histdine-tag (C) LigAVar7’-8,
LigAVar10, LigAVar11, LigAVar12, LigAVar13, (D) LigBCen7’-8, LigBCen9, or LigBCen2R was immobilized on the surface of Ni-NTA chip. GBD in Tris
Buffer containing 100 mM CaCl2 at pH 7.5 was flowed through the chip and the concentration of GBD ranged from 40 to 0.625 mM. Only the response
sensograms of the 40 mM of GBD are shown. The KD, kon, koff were obtained from the average of duplicate experiments shown in Table 1.
doi:10.1371/journal.pone.0011301.g002
LigBCen2R Binding to GBD
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domains in the variable regions of LigA and LigB.
In addition to LigBCen2R, other variable regions of Ig-like
domains of LigA and LigB were also found to possess GBD
binding activity but with different binding affinity. Furthermore,
the diversified KD of different variable regions of the Ig-like
domains of LigA and LigB characterized by distinct association
rate constants (kon)( 5 610
24 to 5610
23 M
21S
21) but similar
dissociation rate constants (koff)( 5 610
23 to 9610
23 M
21S
21)
suggests that there might be a conserved GBD binding motif
completely or partially distributed in various variable regions of
the Ig-like domains of Lig proteins. This is not surprising because
Figure 3. Terminal Ig-like domains mainly contributes to Lig proteins binding to GBD of Fn. (A and B) The binding of GBD to various
length Lig proteins constructs performed by ELISA. Various concentrations (0, 0.3125, 0.625, 1.25, 2.5, 5, 10, 20 mM) of biotinylated LigCon (negative
control), LigBCen (positive control), and (A) LigAVar7’-8, LigAVar7’-9, LigAVar7’-10, LigAVar7’-11, LigAVar7’-12, or LigAVar7’-13, (B) LigBCen7’-8,
LigBCen7’-9, LigBCen7’-10, LigBCen7’-11, or LigBCen7’-12 were added to wells coated with 1 mM of GBD or BSA (negative control and data not
shown) in Tris buffer. The binding of biotinylated proteins to GBD was measured by ELISA. For all experiments, each value represents the mean6SEM
of three trials in triplicate samples. Statistically significant (p,0.05) differences compared to the negative control are indicated by an asterisk. The KD
were obtained from the average of triplicate experiments shown in Table 2. (C and D) Representative ITC isotherms showing the binding of GBD to
various length LigA or LigB constructs. The cell contained 1 ml of GBD and the syringe contained 250 ml of (A) LigAVar7’-13, and (B) LigBCen7’-12,
(upper panel). Heat differences obtained from 25 injections of LigAVar7’-13 or LigBCen7’-12 (lower panel); Integrated curve with experimental data
(e) and the best fit (-). The thermodynamic parameters are shown as the average of duplicate experiments in Table 3.
doi:10.1371/journal.pone.0011301.g003
LigBCen2R Binding to GBD
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are divergent [26,27], and this inheritable difference in sequences
influences not only the binding affinity to Fn but also to elastin and
tropoelastin, as reported earlier [15]. Similar phenomena were
also described in the interaction between a staphylococcal Fn
binding protein, FnBPA, and NTD of Fn [36]. On the other hand,
the comparably weaker KD and smaller kon of GBD and Ig-like
domains of LigA or LigB compared to other Fn binding proteins
indicates a possible role of Lig proteins in transmission of Leptospira
[37,38], and this phenomenon was also discovered in the NTD
binding region of LigB, LigBCen2NR [13].
Surprisingly, Lig proteins lacking the last Ig-like domain bound
to GBD much more weakly than the constructs containing the
whole variable domain, but the binding affinity between GBD and
the last Ig-like domain of LigA or LigB, LigAVar13 or LigBCen2R
was low. Clearly, the terminal domain of Lig protein serves an
important role but is not required for GBD binding. In addition,
the increased affinity of LigAVar7’-13-GBD or LigBCen7’-12-
GBD could be attributed to the precipitously reduced enthalpy
compared to LigAVar7’-12-GBD or LigBCen7’-11-GBD. Inter-
estingly, the structural differences of the Lig constructs with or
without the terminal domain were also revealed by DLS, Raman
spectrometry, and AUC and all indicated that Lig proteins with
the terminal Ig-like domains exhibit compact structures attribut-
able to interdomain interactions. In a previous study, multiple
repeat domains of Eap from S. aureus could form an elongated but
structured conformation mediated by interdomain interaction
[39]. Thus, the structure of protein-ligand interactions requires
substantial cooperative interdomain interaction. It also suggests
that the conformation changes of both LigAVar7’-13 and
LigBCen7’-12 made them easier to access GBD resulting in a
greater reduction in enthalpy due to more charge-charge
interactions or hydrogen bonds formed between Lig proteins
and GBD. In addition, Lig proteins with the terminal domains
(LigAVar7’-13 and LigBCen7’-12) possessing a high affinity
binding to GBD and MDCK cells further described that this
specific compact structure of Lig proteins presented the physio-
logical significance contributing to the Leptospira-host interaction.
(Table 2, 3 and Figure 4).
Fibronectin serves different roles mediated by distinct domains
and isoforms. Two Fn isoforms include soluble plasma Fn and
insoluble cellular Fn [2,3]. MSCRAMMs are a group of proteins
that allow pathogens to either attach on host cells by binding to
cellular ECMs or to be decorated by plasma Fn to evade the host
immune response in the blood stream [1]. Multivalency, which
promotes higher binding avidity and efficiency, has been described
for some MSCRAMMs such as the FnBR of SfbI of Streptococcus
pyogenes and FnBPA or FnBPB of S. aureus [36,40,41]. Thus,
Leptospira Lig proteins, which possess 90 amino acid Ig-like
repeated domains that bind to Fn, could be reasonably inferred
to serve a similar role. Recently, a novel role for MSCRAMMs
was ascribed to a 70 kDa domain that includes the NTD and
GBD of Fn. Both the NTD and GBD contain IGD motifs, called
migration stimulating factor (MSF) located on
3F1,
5F1,
7F1, and
9F1, which mediate fibroblast migration [42,43]. Whether Lig
proteins aid Leptospira spp. infection through this strategy waits to
be determined.
In conclusion, we have fine mapped the GBD binding sites on
LigBCen2 and found GBD binds to LigBCen2R, the partial 11
th
and full 12
th Ig-like domains. Furthermore, most of the individual
Ig-like domains from the variable region of Lig A and LigB were
also bound by GBD but with divergent affinities. Multivalent
binding was proved to mediate the GBD-Lig proteins interaction
and MDCK cell adhesion, and the terminal Ig-like domain serves
a role for the formation of compact and round structures and a
substantial but nonessential role for the interaction. Further studies
Table 2. The dissociation constants of GBD and truncated Lig
proteins interactions determined by ELISA.
KD KD
mM mM
LigAVar7’-8 6.7560.10 LigBCen7’-8 2.2760.15
LigAVar7’-9 6.5860.40 LigBCen7’-9 1.3960.20
LigAVar7’-10 4.7260.46 LigBCen7’-10 1.4660.16
LigAVar7’-11 3.2460.35 LigBCen7’-11 1.4760.08
LigAVar7’-12 2.4460.39 LigBCen7’-12 0.04960.007
LigAVar7’-13 0.04860.007
doi:10.1371/journal.pone.0011301.t002
Table 3. Thermodynamic parameters for the interaction of GBD and truncated Lig proteins.
[Lig Proteins] [GBD] DHT DSK D DGn 1 / n
mM mM kcal mol
21 kcal mol
21 K
21 mM kcal mol
21 Lig: GBD GBD: Lig
LigAVar7’-8 20 1 228.6565.14 221.62 6.7560.11 27.02 1.01060.04 0.99
LigAVar7’-9 20 1 229.2464.75 222.15 6.1160.12 27.08 1.02060.08 0.98
LigAVar7’-10 20 1 225.3262.27 218.04 4.3560.43 27.28 0.51060.02 1.96
LigAVar7’-11 10 1 222.0863.31 214.60 3.1360.48 27.47 0.33560.05 2.98
LigAVar7’-12 10 2 230.7961.74 223.16 2.4160.29 27.63 0.25560.09 3.92
LigAVar7’-13 10 2.5 294.8968.0 284.94 0.04760.03 29.94 0.20360.04 4.92
LigBCen7’-8 20 1 220.3763.62 212.71 2.2860.09 27.66 0.98560.03 1.01
LigBCen7’-9 20 1 221.0565.02 213.06 1.3160.19 27.99 0.52060.05 1.92
LigBCen7’-10 20 1 226.7261.92 218.75 1.3560.19 27.97 0.51060.04 1.96
LigBCen7’-11 20 1 229.0164.23 221.06 1.3960.08 27.95 0.47960.08 2.08
LigBCen7’-12 20 4 295.6963.85 285.76 0.04960.002 29.93 0.33060.02 3.03
doi:10.1371/journal.pone.0011301.t003
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and are currently being investigated in our laboratory.
Materials and Methods
Bacterial strains and cell culture
L. interrogans serovar Pomona (NVSL1427–35–093002) was used
as previously described [11]. All experiments were performed with
virulent, low-passage strains obtained by passage through golden
Syrian hamsters as described earlier [11]. Leptospires were grown
in EMJH medium at 30uC for less than 5 passages and growth was
monitored by dark-field microscopy. Madin–Darby canine kidney
(MDCK) cells (ATCC CCL34) were cultured in Dulbecco
minimum essential medium (DMEM) containing 10% fetal bovine
serum (Gibco Laboratories, Grand Island, NY). Cells were grown
at 37uC in a humidified atmosphere with 5% CO2.
Reagents and antibodies
Rabbit anti-GST antibody was purchased from Molecular
Probes (Eugene, OR). HRP-conjugated goat anti-rabbit antibody
and HRP-conjugated streptavidin were obtained from KPL
(Gaithersburg, MD). Alexa Fluor 488 C5 maleimide and tris-(-2-
carboxyethyl) phosphine (TCEP) were purchased from Molecular
Probe (Carlsbad, CA). Gelatin-binding domain of human plasma
fibronectin (GBD) and bovine serum albumin (BSA), Tris-HCl,
calcium chloride, sodium phosphate dehydrate, and sodium
chloride were obtained from Sigma-Aldrich (St. Louis, MO).
D2O was ordered from Cambridge Isotope Laboratories (And-
over, MA).
Plasmid construction
All constructs used in this study were cloned into either a
pGEX-4T-2 vector (GE Healthcare, Piscataway, NJ) or a pQE-
30 vector (Qiagen, Alencia, CA) and purified either as
Glutathione-S-Transferase (GST) or Histidine tagged fusion
proteins (Table S1 and Figure 6) [15,16]. The concentrations of
proteins were determined by the absorption in a UV spectro-
photometer at 280nm, and the extinction coefficients are listed in
Table S1. To make all the above constructs, PCR reactions were
performed by utilizing the primers described in Table S2. The
construction of LigBCon (AA 1–630), LigBCen7’-8 (AA 631–
765), LigBCen9 (AA 755–850), LigBCen10 (AA 846–941),
LigBCen11 (AA 936–1028), LigBCen2 (1014–1165), LigBCen2R
(AA 1014–1124), LigBCen2NR (AA 1120–1165), LigAVar7’-13
(AA631–1225), LigBCen (AA631–1225) was described previously
(11–13, 15, 31). For constructing LigAVar7’-8 (AA 631–765),
LigAVar7’-9 (AA 631–856), LigAVar7’-10 (AA 631–946),
LigAVar7-11 (AA 631–1038), LigAVar7’-12 (AA 631–1140),
LigAVar9 (AA 756–856), LigAVar10 (AA 847–946), LigAVar11
(AA 938–1038), LigAVar12 (AA 1029–1140), and LigAVar13
(AA 1131–1225), primers were engineered to introduce a BamHI
site at the 59 end and a SalI site at the 39 end of each fragment.
For constructing LigBCen7’-9 (AA 631–850), LigBCen7’-10 (AA
631–941), LigBCen7’-11 (AA 631–1033), primers were engi-
neered to introduce a BamHI site at the 59 end and a PstI site at
the 39 end of each fragment. For constructing LigBCen7’-12 (AA
631–1124), primers were engineered to introduce a SphI site at
the 59 end and a HindIII site at the 39 end of each fragment.
PCR products were sequentially digested with BamHI and SalI,
BamHI and PstI, or SphI and HindIII and then ligated into
pQE30, pGEX-4T-2, or pET-THGT cut with BamHI and SalI,
BamHI and PstI or, SphI and HindIII, respectively as previously
described [15,31]. For LigBCen2RW1073C mutant construction,
the manufacturer’s instructions of the Quickchange mutagenesis
kit (Strategene, La Jolla, CA) were followed and has been
described earlier [15].
GBD binding assays by ELISA
1 mM of GBD or BSA (negative control and data not shown) in
Tris buffer (25 mM Tris and 150 mM sodium chloride, pH 7.0)
containing 100 mM of calcium chloride were coated onto
microtiter plate wells as described previously [11]. 100 mLo f
different concentrations of GST fused LigBCon (negative control),
LigBCen2 (positive control), LigBCen2R, or LigBCen2NR,
(Figure 1A), Histidine tagged LigBCon4 (negative control),
LigBCen2 (positive control), LigBCen2R (positive control),
LigBCen12, or biotinylated LigAVar7’-8, LigAVar9, LigAVar10,
LigAVar11, LigAVar12, LigAVar13, LigBCen7’-8, LigBCen9,
LigBCen10, LigBCen11, LigBCen7’-12 (positive control), LigA-
Var7’-13 (positive control), (Figure 2A and B), LigAVar7’-8,
Table 4. Summary of Molar Ratio determined by SECMALLS.
Calculated Molecular Weight Binding complex Measured molecular weight Molar Ratio
Da Da GBD: Lig
LigAVar7’-8 15,086.00 LigAVar7’-8 with GBD 56,980 0.95
LigAVar7’-9 24,572.37 LigAVar7’-9 with GBD 67,560 0.97
LigAVar7’-10 34,098.02 LigAVar7’-10 with GBD 122,800 2.00
LigAVar7’-11 43,558.46 LigAVar7’-11 with GBD 174,900 2.96
LigAVar7’-12 53,671.67 LigAVar7’-12 with GBD 232,500 4.04
LigAVar7’-13 63,015.21 LigAVar7’-13 with GBD 286,900 5.05
LigBCen7’-8 15,194.18 LigBCen7’-8 with GBD 60,070 1.01
LigBCen7’-9 24,668.05 LigBCen7’-9 with GBD 115,620 2.05
LigBCen7’-10 34,162.72 LigBCen7’-10 with GBD 123,000 2.00
LigBCen7’-11 43,789.29 LigBCen7’-11 with GBD 131,540 1.98
LigBCen7’-12 52,969.47 LigBCen7’-12 with GBD 187,300 3.03
GBD 44,308
a
aReported previously [50].
doi:10.1371/journal.pone.0011301.t004
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Cen7’-8, LigBCen7’-9, LigBCen7’-10, LigBCen7’-11, LigBCen7’-
12, LigBCen (positive control), (Figure 3) or LigCon (negative
control) in Tris buffer containing 100 mM of calcium chloride were
added subsequently. To measure the interaction of GBD and
histidine tagged or GST fusion proteins, rabbit anti-GST or mouse
anti-histidine tagged (1:200) and horseradish peroxidase-conjugat-
ed goat anti-rabbit IgG or goat anti-mouse IgG (1:1000) served as
primary and secondary antibodies, respectively. To detect binding
of the biotinylated proteins, HRP-conjugated streptavidin (1:1000)
was added to each well at RT for 1 hour prior to washing the wells
thrice with TBST. The measurement of binding by ELISA was as
described previously [15,16]. To determine the dissociation
constant (KD), the data were fitted by the following equation using
KaleidaGraph software (Version 2.1.3 Abelbeck software, Read-
ing, PA), and the calculated KD are listed in Table 1.
OD630~
OD630max Lig proteins ½ 
KDz Lig proteins ½ 
ð1Þ
Cell binding and inhibition assays by ELISA
To detect the binding of truncated Lig proteins to MDCK cells,
MDCK cells (10
5) were incubated with 0, 0.08, 0.16, 0.3125,
0.625, 1.25, 2.5, or 5 mM of biotinylated LigBCen (positive
control), GST (negative control), or truncated Lig proteins in
100 mL PBS for 1 h at 37uC (Figure 4A and B). For measuring the
binding inhibition of Leptospira to MDCK cells by truncated Lig
proteins, MDCK (10
5) cells were treated with 0, 0.08, 0.16,
0.3125, 0.625, 1.25, 2.5, or 5 mM of truncated Lig proteins,
LigBCen (positive control), or GST (negative control) in 100 mL
PBS for 1 h at 37uC prior to the addition of Leptospira (10
7) for 6 h
at 37uC (Figure 4C and D). To detect the binding of biotinylated
Lig proteins, HRP-conjugated streptoavidine (1:10006) was added
subsequently. To measure the binding of Leptospira, hamster anit-
Leptospira (1:2006) and HRP-conjugated goat anti-hamster IgG
(1:10006) were used as primary and secondary antibodies,
respectively. The percentage of attachment was determined
relative to the attachment of serovar Pomona on untreated
MDCK cells. The measurement of binding by ELISA was as
described previously [15,16]. Each value represents the mean 6
Figure 4. Terminal Ig-like domains mainly mediates Lig protein binding and Leptospiral adhesion on MDCK cells. (A and B)
Binding of truncated Lig proteins to MDCK cells. Various concentrations (0.08, 0.16, 0.3125, 0.625, 1.25, 2.5, 5 mM) of biotinylated LigCon
(negative control), LigBCen (positive control), and (A) LigAVar7’-13, LigAVar7’-12, LigAVar7’-11, LigAVar7’-10, LigAVar7’-9, LigAVar7’-8, (B)
LigBCen7’-12, LigBCen7’-11, LigBCen7’-10, LigBCen7’-9, LigBCen7’-8 were added to MDCK cells (105), and binding was measured by ELISA. (C and
D) Truncated Lig proteins inhibit the binding of Leptospira to MDCK cells. MDCK cells were incubated with various concentrations (0.08, 0.16,
0.3125, 0.625, 1.25, 2.5, 5 mM) of biotinylated -LigB1706-1716, or biotin (negative control) (C) LigAVar7’-13, LigAVar7’-12, LigAVar7’-11, LigAVar7’-
10, LigAVar7’-9, LigAVar7’-8, (D) LigBCen7’-12, LigBCen7’-11, LigBCen7’-10, LigBCen7’-9, LigBCen7’-8 prior to the addition of Leptospira (107).T h e
adhesion of Leptospira to MDCK cells (105) was detected by ELISA. The reduced percentage of attachment was determined relative to the
attachment of Leptospira on untreated MDCK cells. Each value represents the mean6SEM of three trials in triplicate samples. Statistically
significant values (P,0.05) are indicted by *.
doi:10.1371/journal.pone.0011301.g004
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(P,0.05) differences are indicated by *.
Surface Plasmon Resonance (SPR)
Association and dissociation rate constants for the interaction of
Lig proteins and GBD were measured by SPR analysis performed
with a Biacore 2000 instrument (GE Healthcare) at 25uC. 1.5 mM
of each His-tagged Lig protein, including LigAVar7’-8, LigVar10,
LigAVar11, LigAVar12, LigAVar13, LigBCen7’-8, LigBCen9, or
LigBCen2R in Tris buffer containing 100 mM calcium chloride,
was immobilized on a NTA chip (GE Healthcare) conjugated with
500 mM nickel sulfate. Serial concentrations (0, 0.625, 1.25, 2.5, 5,
10, 20, 40 mM) of GBD were injected into the flow cell at a flow
rate of 5 mL/min over the immobilized Lig proteins. All
experiments were repeated twice. The sensogram data were
corrected by subtracting data from a control cell injected with Tris
buffer containing 100 mM calcium chloride. Kinetic parameters
were obtained by fitting the data to the one-step biomolecular
association reaction model (1:1 Langmuir model) with the curve-
fitting BIAevaluation software, version 3.0.
Isothermal Titration Calorimetry (ITC)
The experiments were carried out with a CSC 5300
microcalorimeter (Calorimetry Science Corp. Lindon, UT, USA)
at 25uC as previously described [15]. In a typical experiment, the
cell contained 1 ml of a GBD solution and the syringe contained
250 ml of a solution of LigBCen2R, LigAVar7’-8, LigAVar7’-9,
LigAVar7’-10, LigAVar7’-11, LigAVar7’-12, LigAVar7’-13,
LigBCen7’-8, LigBCen7’-9, LigBCen7’-10, LigBCen7’-11, or
LigBCen7’-12. The concentration of LigBCen2R and GBD were
127 mM and 6 mM. The concentration of GBD and truncated Lig
proteins are detailed in Table 3. Both solutions were in Tris buffer
containing 100 mM of calcium chloride. The titration was
performed as follows: 25 injections of 10 ml with a stirring speed
of 250 rpm with a delay time of 5 min between injections. Data
were analyzed using the Titration Bindworks software (Model
CSC 5300, Calorimetry Science Corp. Lindon, UT, USA) fitting
them to an independent binding model.
Size exclusion chromatography Multiangle Laser Light
Scattering (SECMALLS)
100–300 mg of protein was loaded in specific mixtures onto a
Superose 6 column (GE Healthcare) at a flow rate of 0.5mL/min
in 20mM HEPES, 150mM NaCl, pH 7.5. The column was
connected to an in-line 18-angle Wyatt Down Heleos laser light-
scattering detector and a Wyatt Optilab rEX refractive index
detector (Wyatt Technology, Santa Barbara, CA). Molecular
masses were calculated from laser light-scattering data by ASTRA
V (version 5.3.0.18) software package. A refractive index
increment value (dn/dc) of 0.185 ml/g was used. Detectors were
normalized to compensate for slight differences in electronic gain
using bovine serum albumin as an isotropic scatterer [44].
Steady State Fluorescence Measurement
Steady state fluorescence emissions were measured on a Hitachi
F7500 spectrofluorometer (Hitachi. San Jose, CA). All spectra
were recorded in correct spectrum mode of the instrument using
excitation and emission band passes of 2 nm. In order to measure
the binding of GBD to LigBCen2R, LigBCen2RW1073C was
expressed and labeled with Alexa-488. The labeling of Alexa-488
to LigBCen2RW1073C by the interaction of the cysteine of
LigBCen2RW1073 with Alexa Fluor 488 C5 maleimide was
performed following the manufacturer’s instructions (Molecular
Probe). For the GBD titration, 1.62, 3.12, 6.25, 12.5, 25 mMo f
GBD in Tris buffer containing 100 mM of calcium chloride was
mixed with 1 mM of Alexa-488 labeled LigBCen2RW1073C in
the same buffer. The fluorescence from Alexa-488 probe of Alexa-
488 labeled LigBCen2RW1073C was recorded at the excitation
wavelength of 490 nm, and the emission wavelength ranged from
500 to 600 nm. All spectra were recorded at 25uC after 5 minutes.
Furthermore, the spectra of the various concentrations of GBD
indicated above were also recorded and used to subtract the
spectra of each Alexa-488 labeled LigBCen2RW1073C in the
addition of certain concentrations of GBD. To determine the
dissociation constant (KD), the fluorescence intensities at 518 nm
were recorded and fitted by the following equation using
KaleidaGraph software (Version 2.1.3 Abelbeck software):
Fmax{F~
Fmax{Fmin ðÞ GBD ½ 
KDz GBD ½ 
ð2Þ
Where Fmax is the fluorescence intensity of Alexa-488 labeled
LigBCen2RW1073C in the absence of GBD, and Fmin indicates the
fluorescence intensity of Alexa-488 labeled LigBCen2RW1073C
saturated with GBD. In addition, F is the fluorescence intensity of
Alexa-488 labeled LigBCen2RW1073C in the presence of various
concentrations of GBD. All of the measurements were corrected for
dilution and for inner filter effect.
Dynamic Light Scattering (DLS)
One mg/mL of LigAVar7’-8, LigAVar7’-9, LigAVar7’-10,
LigAVar7’-11, LigAVar7’-12, LigAVar7’-13, LigBVar7’-8, LigB-
Var7’-9, LigBVar7’-10, LigBVar7’-11, or LigBVar7’-12 was
dialyzed against prefiltered (0.22 mm Millipore filters) Tris buffer
with 100 mM calcium chloride. The samples were placed in a
1 mL plastic cuvette. The standard globular proteins including
albumin (67,000 Da), ovalbumin (43,000 Da), chymotrypsinogen
A (25,000 Da), ribonuclease A (13,700 Da), aprotinin (6,500 Da),
or insulin chain B (3,400 Da) were used to generate the calibration
curve of globular proteins. The automated measurements were
collected with a Zetasizer Nano ZS instrument (Malvern
Instruments Ltd., Worcestershire, United Kingdom), using a
Table 5. Summary of hydrodynamic parameters of truncated
Lig proteins in Tris pH 7.0 determined by AUC and DLS.
Calculated Mass f
0
20,w
a
f
0
20,w/f
0a Rh
b Rh
c
Da 10
27 g/s nm nm
LigAVar7’-8 15,086.00 0.25 1.14 1.78 1.57
LigAVar7’-9 24,572.37 0.38 1.30 2.7 2.35
LigAVar7’-10 34,098.02 0.56 1.56 3.89 3.81
LigAVar7’-11 43,558.46 0.74 1.82 5.20 5.25
LigAVar7’-12 53,671.67 0.90 1.94 6.25 6.03
LigAVar7’-13 63,015.21 0.57 1.13 4.01 3.79
LigBCen7’-8 15,194.18 0.23 1.10 1.62 1.56
LigBCen7’-9 24,668.05 0.37 1.32 2.63 2.46
LigBCen7’-10 34,162.72 0.55 1.57 3.82 3.62
LigBCen7’-11 43,789.29 0.76 1.88 5.31 5.37
LigBCen7’-12 52,969.47 0.51 1.14 3.60 3.45
aCalculated using Equation 4 from AUC experiment.
bCalculated using Equation 5 after substituting f
0
20,w for f0 AUC experiment.
cMeasured from DLS experiment.
doi:10.1371/journal.pone.0011301.t005
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adjusted using the method of cumulants to obtain the hydrody-
namic radius (Rh). The logarithms of the Rh values of standards
and above proteins were plotted against the logarithm of the
protein molecular weights to fit the equation
logMW~a:logRhzb ð3Þ
where a and b are constants.
Analytical Ultracentrifugation (AUC)
Sedimentation velocity was performed in the Beckman Optima
XL-I analytical ultracentrifuge (Brea, CA) at initial loading
concentration from 0.25 to 5mg/mL. 420mL aliquots of truncated
Lig proteins were loaded into the sample channels of double-
sector, 12nm center pieces and 410mL of Tris buffer with 100 mM
calcium chloride into the corresponding reference channels.
Centrifugation was carried out in an AnTi-60 rotor at
40,000 rpm for 8 hour at 20uC. Radial absorbance scans were
collected in continuous scan mode at 280nm every 2 min with two
replicates and a step size of 0.003 cm.
Data analysis was using SedFit and Sednterp [45,46].
Experimental sedimentation and diffusion coefficient (S and D)
were corrected to the equivalanet values in water at 20uC( S 20,w
and D20,w) and then extrapolated to zero protein concentration in
Sednterp to gibe the S
0
20,w and D
0
20,w values [45]. Sedimentation
data were used to calculate the frictional coefficient f
0
20,w and
Figure 5. Terminal Ig-like domains contribute to the compact structure of Lig proteins. (A) Dynamic light scattering of standard molecular
mass markers, LigAVar7’-13, LigAVar7’-12, LigAVar7’-11, LigAVar7’-10, LigAVar7’-9, LigAVar7’-8, LigBCen7’-12, LigBCen7’-11, LigBCen7’-10, LigBCen7’-9,
LigBCen7’-8. The hydrodynamic radius (Rh) is plotted as a function of the molecular weight of each individual protein on a log-log scale. The
molecular weights of the standards are indicated in Materials and Methods, and the molecular weight of the truncated Lig proteins are indicated in
Table 5. (B to E) Comparative Raman spectroscopy of full-length LigAVar7’-12, LigAVar7’-13, LigBCen7’-11, LigBCen7’-12 and a stoichiometic mixture
of its composite domains. The Raman spectra of full length or stoichiometrically mixed separated Ig-like domains of (B) LigAVar7’-12, (C) LigAVar7’-13,
(D) LigBCen7’-11, and (E) LigBCen7’-12 were recorded in D2O and H2O.
doi:10.1371/journal.pone.0011301.g005
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0
20,w/f
0) of truncated Lig proteins defined in
equation 4 [47].
f 0
20,w~
M 1{nr 20,w

NS 0
20,w
ð4Þ
Where M is molecular weight, N is Avogadro’s number, n is the
partial specific volume (ml/g) of truncated Lig proteins, r20,w is the
density of the solvent (g/ml) at 20uC, and f
0 is the frictional
coefficient of a hard, unhydrated spherical particle and is defined
in Equation 5 and as follows [47], and f
0
20,w is f
0 obtained at 20uC.
f 0~6pgRh ð5Þ
Where g is the viscosity of water at 20uC and Rh is the radius of
the sphere of the particle with molar weight of truncated Lig
proteins at 20uC. Furthermore, by using values of f
0
20,w calculated
from Equation 5, Rh for sedimenting species of truncated Lig
proteins was calculated using equation analogous to Equation X.
The frictional ratio (f
0
20,w/f
0) was calculated from f
0
20,w/f
0. All
results were from duplicate experiments.
Raman Spectroscopy
LigAVar7’-12, LigAVar7’-13, LigBCen7’-11, LigBCen7’-12 or
the mixture of certain Ig-like domains of LigA or LigB was
concentrated with an Amincon ultrafiltration device (Millipore,
Billerica, MA) to the final concentration as 3 mg/mL determined
by UV absorption spectrophotometry and dialyzed against Tris
buffer with 100 mM of calcium chloride [48]. For the experiments
performed in D2O, the proteins were lyophilized, dissolved by
Figure 6. A schematic diagram showing the structure of truncated (A) Fn, (B) LigA, and (C) used in this study.
doi:10.1371/journal.pone.0011301.g006
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Raman spectra. A 10 mL aliquot of the protein solution was
applied to a Renishaw InVia micro-Raman spectrophotometer
using long-range 506objective, 30sec. integration, and 10% laser
power (785 nm excitation; 8 mW at 100%) [49]. The spectra were
corrected by subtracting the buffer and background. Peak height
was normalized to 1002 cm
21 band of phenylalanine as an
internal standard [48].
Circular dichroism (CD) spectroscopy
CD analysis was performed on an Aviv 215 spectropolarimeter
(Lakewood, NJ) under N2 atmosphere. CD spectra were measured
at RT (25uC) in a quartz cell of appropriate path length. Spectra of
10 mM of LigBCen2R, and LigBCen2RW1073C were recorded in
HEPES buffer (20mM HEPES, 150mM NaCl, pH 7.5) with
100 mM calcium chloride. Structural changes in LigBCen2R upon
binding to the GBD of Fn were examined by analyzing changes in
the CD spectrum. To determine the secondary structure, three far-
UV CD spectra of all those proteins mentioned above were
recorded from 190 to 250 nm for far-UV CD in 1 nm increments
at 25uC. The background spectrum of buffer without protein was
subtracted from the protein spectra. CD spectra were initially
analyzed by the software accompanying the spectrophotometer.
Analysis of spectra to extrapolate secondary structures was
performed by Dichroweb (http://www.cryst.bbk.ac.uk/cdweb/
html/home.html) using the K2D and Selcon 3 analysis programs
[11,12].
Statistical analysis
Significant differences between samples were determined using
the Student’s t-test following logarithmic transformation of the
data. Two-tailed P-values were determined for each sample and a
P-value ,0.05 was considered significant. Each data point
represents the mean 6 standard error of the mean (SEM) for
each sample tested in triplicate. An (*) indicates the result was
statistically significant.
Supporting Information
Figure S1 W1073C mutation cannot affect the structure of
LigBCen2R. Far-UV CD analysis of LigBCen2R and LigB-
Cen2R. The molar ellipticity, W, was measured from 190 to
250 nm for 10 mM of each protein in Tris buffer with 100 mMo f
calcium chloride.
Found at: doi:10.1371/journal.pone.0011301.s001 (0.94 MB TIF)
Figure S2 Representative SECMALLS analysis of the molar
ratio of LigBCen7’-8-GBD complex. The data traces of SEC-
MALLS from the instrument’s three in-line detectors, measuring
the refractive index, light scattering, and UV absorbance (280nm),
are shown in arbitrary unit. Molecular weight was determined for
the major species using the data within the shaded area. Shaded
area 1, 2, and 3 indicate LigBCen7’-8-GBD complex, GBD, and
LigBCen7’-8, respectively. The result of molar ratio was shown on
Table 4.
Found at: doi:10.1371/journal.pone.0011301.s002 (1.66 MB TIF)
Table S1 The sources of clones used in this study.
Found at: doi:10.1371/journal.pone.0011301.s003 (0.06 MB
DOC)
Table S2 Primer Table
Found at: doi:10.1371/journal.pone.0011301.s004 (0.05 MB
DOC)
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